Abstract: Colorectal cancer (CRC) is a heterogeneous disease with multiple underlying causative genetic mutations. Genetic mutations in the phosphatidylinositol-3 kinase (PI3K) and the mitogen activated protein kinase (MAPK) pathways are frequently implicated in CRC. Targeting the downstream substrate MEK in these mutated tumors stands out as a potential target in CRC. Several selective inhibitors of MEK have entered clinical trial evaluation; however, clinical activity with single MEK inhibitors has been rarely observed and acquired resistance seems to be inevitable. Amplification of the driving oncogene KRAS(13D), which increases signaling through the ERK1/2 pathway, upregulation of the noncanonical wingless/calcium signaling pathway (Wnt), and coexisting PIK3CA mutations have all been implicated with resistance against MEK inhibitor therapy in KRAS mutated CRC. The Wnt pathway and amplification of the oncogene have also been associated with resistance to MEK inhibitors in CRCs harboring BRAF mutations. Thus, dual targeted inhibition of MEK and PI3K pathway effectors (mTOR, PI3K, AKT, IGF-1R or PI3K/mTOR inhibitors) presents a potential strategy to overcome resistance to MEK inhibitor therapy. Many clinical trials are underway to evaluate multiple combinations of these pathway inhibitors in solid tumors.
Introduction
Colorectal cancer (CRC) is a heterogeneous disease with multiple underlying causative genetic mutations. Activating genetic mutations in the phosphatidylinositol-3 kinase (PI3K) and the mitogen activated protein kinase (MAPK) pathways have been implicated in CRC. Insulin-like growth factor-1 receptor (IGF-1R) is a key activator of these two pro-survival signaling pathways [1] . In the PI3K pathway, activated receptor tyrosine kinases (RTK) cause phosphorylation of PI3K. Class 1 PI3K family members that convert phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) thereby activating AKT via two crucial phosphorylation events at threonine 308 catalyzed by phosphoinositide-dependent kinase-1 (PDK1) and at serine 473 catalyzed by mammalian target of rapamycin complex 2 (mTORC2) [2] . Phosphatase and tensin homolog (PTEN) reverses this process by dephosphorylating PIP3 to PIP2. Genetic anomalies of PI3K pathway components, such as PTEN loss, PI3K amplification/mutation, AKT mutation or RTK activation, result in activation of this pathway leading to tumorigensis [3] . Mutations in the PIK3CA gene, encoding the p110a catalytic subunit of class I PI3Ks are found in around 15% of CRCs [4] .
The MAPK intracellular signaling cascade comprises RAS, RAF, MAPK extracellular signal-regulated kinase (MEK) and extracellular signal-regulated kinase (ERK1/2). The pathway is commonly activated through activating mutations of RAF or RAS. Activated MEK phosphorylates its only substrate ERK1/2 leading to dimerization, nuclear translocation and induction of target genes [5, 6] . Mutations in the KRAS gene are the most common in CRCs comprising approximately 35%-45% [4] . Other mutations in this pathway, including NRAS and BRAF constitute approximately 4% and 8% of CRCs, respectively [4] . Thus, targeting the downstream substrate MEK in KRAS, BRAF or NRAS mutated tumors stands out as a potential target in CRC. Several selective inhibitors of MEK have entered clinical trial evaluation [7] ; however, clinical activity with single MEK inhibitors has been rarely observed [8] [9] [10] . The first generation MEK inhibitor, CI-1040, was assessed in a phase II trial involving four tumor types. Generally, CI-1040 was well tolerated but failed to show sufficient antitumor activity to warrant further development [10] . In addition, the second-generation MEK1/2 inhibitor, Selumetinib (AZD6244), has not performed well in unselected patients with metastatic CRC. Selumetinib showed similar efficacy to capecitabine in terms of the number of patients with a disease progression event and progression-free survival [11] . Resistance to MEK inhibitors is largely due to compensatory up-regulation and crosstalk within the MAPK and PI3K pathways [12] [13] [14] [15] . Identification of potential biomarkers for sensitivity or resistance to these agents is urgently needed. Moreover, with both of these pathways active in CRCs, targeting both pathways with small inhibitor molecules has shown greater clinical efficacy than single agents alone. With the increasing use of tumor sequencing for the purposes of treatment selection and identifying patients who may be eligible for clinical trials of agents targeting specific pathways, the molecular stratification of colorectal cancer is becoming a reality. Patients with KRAS/BRAF or NRAS mutated tumors are known to be resistant to monoclonal antibodies targeting the epidermal growth factor (EGFR), therefore options for palliative treatment are limited to cytotoxic chemotherapy, antti-angiogenic agents and most recently the multi-targeted tyrosine kinase inhibitor regorafenib that has been approved for use in patients refractory to these therapies in the third-line [16] . There is an urgent clinical need for the development of novel therapeutics that may be able to prolong survival in patients with RAS/BRAF mutated tumors.
Cross-Talk between MEK and PI3K Pathway
The frequent perturbation of the MAPK and PI3K signaling pathways in CRC make them promising candidates for the development of molecularly targeted agents. RAS and RAF gene mutations have been considered potential markers of sensitivity to MEK inhibition largely due to the constitutive activation of MEK seen in BRAF mutant cancer cells and to a lesser extent in KRAS mutant cells [17, 18] . Thus, MEK has become a potential target for therapy given that mutation in these kinases has been identified as a negative predictor of benefit from EGFR inhibitor therapy [19] [20] [21] . However, acquired resistance after MEK inhibition seems inevitable. In KRAS mutated CRC cells, multiple mechanisms to resistance against MEK inhibition have been reported " Figure 1" . Amplification of the driving oncogene KRAS(13D) has been shown to drive acquired resistance to MEK1/2 inhibitors by increasing signaling through the ERK1/2 pathway [22, 23] . Increased abundance of the oncogenic driver in response to prolonged drug treatment results in increased flux through the ERK pathway and restoration of ERK activity above the threshold required for cell growth [13] . The up-regulation of KRAS(13D) leads to activation of multiple KRAS effector pathways, thus highlighting the therapeutic challenge posed by KRAS mutations [22] . Upregulation of the noncanonical wingless/calcium signaling pathway (Wnt) signaling pathway is another mechanism by which KRAS mutated CRC cell lines showed resistance to selumetinib [24] . Coexisting mutations of the PIK3CA, which occur in about 8%-9% of CRC cases [25, 26] , have also been implicated in the resistance of KRAS mutated CRC cells to MEK inhibition [27, 28] . In KRAS mutant tumors, PIK3CA mutation restores cyclin D1 expression and G(1)-S cell cycle progression so that they are no longer dependent on KRAS and MEK/ERK signaling [27] . Among RAF/RAS mutant lines, co-occurring PIK3CA/PTEN mutations conferred a cytostatic response instead of a cytotoxic response for colon cancer cells [28] . In another report, activating mutations in PIK3CA reduced the sensitivity to MEK inhibition, whereas PTEN mutations seemed to cause complete resistance. In addition, dual inhibition of the PI3K/AKT and RAF/MEK/ERK pathways also seems to be required for complete inhibition of the downstream mTOR effector pathway [29] . CRC cell lines that were resistant to selumetinib exhibited low or no ERK1/2 activation or exhibited coincident activation of ERK1/2 and protein kinase B (PKB), the latter indicative of activation of the PI3K pathway. Cells that were sensitive arrested in G(1) and/or underwent apoptosis and the presence of BRAF or KRAS mutation was not sufficient to predict either fate; however, CRC cells that did not harbor any mutation tended to be resistant [30] . Another study found that MEK inhibition resulted in activation of PI3K/AKT from the hyperactivation of ERBB3 as a result of the loss of an inhibitory threonine phosphorylation in the conserved juxtamembrane domains of EGFR and HER2. Mutation of this amino acid led to increased ERBB receptor activation and upregulation of the ERBB3/PI3K/AKT signaling pathway, which was no longer responsive to MEK inhibition [14] . Consecutive patients with diverse tumor types and PIK3CA mutation were treated whenever possible with agents targeting the PI3K/AKT/mTOR pathway. Of the 17 patients with PIK3CA mutations, 6 (35%) had simultaneous KRAS or BRAF mutations (colorectal, n = 4; ovarian, n = 2). Colorectal cancer patients with PIK3CA and KRAS mutations did not respond to therapy [31] . These data suggest that tumors with both KRAS and phosphoinositide 3-kinase mutations are unlikely to respond to the inhibition of the MEK pathway alone or the PI3K pathway alone but will require effective inhibition of both MEK and PI3K/AKT pathway signaling. Tumor cells harboring the BRAF600E mutation have shown similar resistance to MEK1/2 inhibitors " Figure 1 " by increasing signaling through the ERK1/2 pathway due to amplification of the oncogene [13, 22] . For patients with BRAF mutant tumors, the results suggest that the addition of a RAF inhibitor to a MEK inhibitor may delay or overcome drug resistance [13] . Recently, the Wnt pathway was identified as a potential mediator of resistance to the MEK1/2 inhibitor selumetinib in tumors harboring BRAF mutation [32] . Concomitant use of selumetinib and cyclosporine, inhibited tumor growth and caused tumor regression in patient derived tumor xenografts [32] .
Pre-Clinical Data on Dual Targeted Inhibition with MEK

Combined Inhibition of MEK and mTOR
Zhang et al. [33] assessed the combination effect of the MEK inhibitor PD98059 and mTOR inhibitor rapamycin on CRC cell lines. They found that combination treatment with PD98059 and rapamycin suppressed the proliferation of CRC cells, induced apoptosis, arrested cell cycle and reduced the incidence and volume of CRC in mice. They also demonstrated that combined administration of these two drugs was able to inhibit the phophorylation of mTOR and MEK signaling pathways and were significantly more effective than single agent treatment [33] . mTOR consists of two functionally distinct complexes, mTORC1 and mTORC2. mTORC1 has been shown to regulate cell growth by controlling mRNA translation initiation and to regulate ribosome biogenesis, autophagy and lipid biosynthesis [34] . mTORC2 on the other hand is involved in cell survival and proliferation through phosphorylation of AKT and protein kinase C [35] . mTORC1 has been shown to be sensitive to acute exposure to rapamycin while mTORC2 was not. Thus, ATP competitive inhibitors that target both mTOR complexes have been developed. Blaser et al. demonstrated that PP242, an ATP competitive inhibitor of mTORC1 and mTORC2, reduced the growth, proliferation and survival of colon cells more efficiently than rapamycin [36] . Moreover, the efficacy of ATP-competitive inhibitors of mTOR was enhanced by U0126, a MEK inhibitor. The authors also observed that ATP-competitive inhibitors of mTOR exhibited anticancer effects on both PIK3CA mutated as well as on PIK3CA wild type colon cancer cells [36] . Holt et al. also investigated the efficacy of AZD8055, a potent specific inhibitor of mTORC1 and mTORC2, in combination with selumetinib in human tumor non-small cell lung cancer (NSCLC) and CRC cell-derived xenograft and primary patient explants models [37] . Their results showed that combined use of AZD8055 and selumetinib enhanced antitumor activity, inhibited PI3K and MAPK pathways and induced apoptosis. Recently, Li et al. reported on the preclinical efficacy of INK-128, a novel ATP-competitive inhibitor of mTORC1 and mTORC2 [38] . INK-128 was capable of inhibiting CRC cell growth and survival and induced both apoptotic and non-apoptotic cancer cell death. INK-128 did not activate ERK and the use of the MEK inhibitor MEK-162 enhanced INK-128 cytotoxicity and inhibited Ht-29 xenograft growth in mice. Thus, combined use of MEK and mTOR inhibitors poses as a potential strategy in targeting not only tumors harboring KRAS mutation but also in those harboring PI3KCA mutation.
Combined MEK and PI3K Inhibition
Preclinical data suggest that combined MEK and PI3K inhibition will be required to enhance and prolong the anti-tumor activity of MEK inhibitors in KRAS-mutant colon cancers with alterations in the PI3K pathway. Yu et al. found that the HCT116 cell line, which harbors mutations in both KRAS and PIK3CA, was resistant to the PI3K inhibitors WAY-266176 and WAY-266175; however, combined therapy with the MEK inhibitors CI-1040 or UO126 led to growth suppression and apoptosis [39] . Data revealed that the down-regulation of PI3K re-sensitizes cell harboring mutations in KRAS and PIK3CA to MEK inhibition while re-expression of mutant PI3KCA allele in MEK inhibitor-resistant cells restores MEK pathway sensitivity [27, 29] . Thus, the dual inhibition of both pathways seems to be required for complete inhibition and the induction of cell death. Hoeflich et al. further demonstrated that combined treatment with the MEK inhibitor GDC-0973 and PI3K inhibitor GDC-0941 results in apoptosis and growth inhibition of BRAF and KRAS mutated cell lines and human xenograft tumor models [40] . Recently, Roper et al. have also demonstrated that combined PI3K and MEK inhibition with NVP-BKM120 and PD-0325901 induced tumor regression in a mouse model of PIK3CA wild-type and KRAS mutant colorectal cancer [41] . These data indicate that dual MEK and PI3K inhibition is a valid strategy in both PIK3CA wild-type and PIK3CA mutated CRCs with KRAS and/or BRAF mutations and that dual pathway inhibition may be more effective than inhibiting either single pathway alone.
Combined MEK and P13K/mTOR Inhibition
mTOR inhibition has been correlated with activation of MAPK pathway through PI3K's activation of RAS [42] . Thus, multiple preclinical studies have evaluated the efficacy of MEK inhibition combined with both PI3K and mTOR inhibitors. Martinelli et al. revealed that the selective MEK1/2 inhibitor pimasertib combined with the dual PI3K/mTOR inhibitor BEZ235 or with sorafenib caused significant tumor growth delays and increased survival in mice as compared to single agent treatment thereby suggesting that dual blockade of MAPK and PI3K pathways could overcome intrinsic resistance to MEK inhibition [43] . Migliardi et al. reported on an analysis of forty different patient-derived murine xenografts of metastatic CRC [44] . They found that the combination of selumetinib and BEZ235 achieved greater rates of disease stabilization than monotherapy (70% vs. 27.5% for selumetinib alone and 42.5% for BEZ235 alone). However, no substantial tumor regression was observed for combined therapy suggesting that this combination could be useful only in retarding disease progression. Similarly, Pitt et al. demonstrated synergistic anti-proliferative activity with the combination of PI3K/mTOR inhibitor PF-502 and the MEK1/2 inhibitor PD-901 [45] . Combination treatment demonstrated enhanced reduction in tumor growth against CRC cell line and patient-derived tumor xenograft models as compared to either single agent regardless of KRAS or PI3K mutational status. Recently, E et al. [46] also reported their results on the use of BEZ235 with selumetinib in HCT116 CRC cells harboring both KRAS and PIk3CA mutations. The combination treatment markedly enhanced their antitumor effects than either single agent alone. The authors also reported a reduction in the phosphorylation level of ERK1/2 and AKT and in the expression of VEGF and matrix metallopeptidase-9 in tumor tissue [46] .
When comparing dual PI3K/mTOR inhibition with MEK inhibition against PI3K and MEK inhibition, Haagensen et al. found that the pan-PI3K inhibitor GDC-0941 demonstrated greater synergy than the dual PI3K/mTOR inhibitor BEZ235 when combined with the MEK inhibitors selumetinib and PD0325901 in BRAF/PIK3CA-double-mutant HT29 and KRAS/PIK3CA-double-mutant HCT116 CRC cell lines [47] . BEZ235 resulted in marked inhibition of 4EBP1 phosphorylation alone and in combination, whereas there was minimal inhibition with GDC-0941, suggesting that the dual mTOR/PI3K inhibitory activity of BEZ235 may underlie its ability to inhibit 4EBP1 phosphorylation. The addition of the mTORC1/2 inhibitor KU0063794 to GDC-0941 and selumetinib also compromised the synergy achieved between GDC-0941 and selumetinib and was likely due to mTOR inhibition with the addition of KU0063794. The results suggest that the combination of specific PI3K inhibitors, rather than dual mTOR/PI3K inhibitors, with MEK inhibitors results in greater synergy. Thus, these preclinical data suggest that MEK and PI3K/mTOR inhibition may delay tumor growth but may not affect tumor size regression and is likely to be inferior to MEK and PI3K inhibition.
Combined MEK and AKT Inhibition
AKT upregulation occurs in approximately 60% of CRC cases which renders AKT a potential target for inhibition [48] . Halilovic et al. [27] observed increased antitumor activity with combined MEK and AKT inhibition in KRAS/PIK3CA-double-mutant HCT15. Mutant HCT15 tumor xenografts were treated with the MEK inhibitor PD0325901 and AKTi-1/2 alone or in combination. Treatment with either agent alone had no significant effect on tumor growth; however, combined treatment abrogated the growth of tumor xenografts [27] .
Combined Inhibition of MEK and IGFR
IGF-1R is a key regulator of both PI3K and MAPK pathways; however, trials of single agent inhibitors of IGF-1R have shown only modest clinical responses [49] . Previous experimentation with OSI-906, an (IGF1R)/insulin receptor (IR) tyrosine kinase inhibitor (TKI), revealed resistance to OSI-906 that was coupled with simultaneous activation of the MAPK pathway in CRC cell lines [50] . Thus, Flanigan et al. [51] tested the efficacy of OSI-906 in combination with selumetinib and U0126. The combination of OSI-906 and U0126 revealed synergistic effects in 11 out of 13 CRC cell lines. In addition, in vivo xenograft studies with OSI-906 and selumetinib showed synergistic effects that resulted in apoptosis or cell cycle arrest [51] .
Clinical Trials on Dual Targeted Inhibition with MEK
Data from patients treated with phase I study drugs targeting the PI3K and/or MAPK pathways revealed that CRC patients harboring mutations in both pathways had tumor regression ranging between 2% and 64% when treated with PI3K and MAPK inhibitors. Dual pathway inhibition may potentially exhibit greater efficacy than single targeted therapy at the expense of greater toxicity. In this study, the most frequent drug-related grade >III adverse events were liver transaminase elevations, mucositis and skin rash [52] . Other clinical trials targeting MEK and one or more effectors of the PI3K pathway are underway and whose results are eagerly awaited particularly concerning patients with KRAS or concomitant KRAS and PIK3CA mutations " Table 1". Cixutumumab is a recombinant human IgG1/monoclonal antibody that blocks interaction of IGF-1R and ligands IGF-1 and IGF-2 and thus leads to degradation of IGF-1R. Combination of cixutumumab and selumetinib were evaluated recently in an open label, phase I dose-escalation clinical trial in patients with advanced solid tumors. Wilky et al. reported the combination to be well tolerated at maximum doses of 50 mg twice daily for selumetinib and 12 mg/kg every two weeks for cixutumumab. Six patients out of 30 achieved time to progression of >6 months, including patients with thyroid carcinoma, colorectal carcinoma and basal cell carcinoma and two patients achieved partial responses [53] . The results revealed preliminary evidence of clinical benefit and pharmacodynamic evidence of targeted inhibition with IGF-1R and MEK inhibition and which deserve further evaluation in clinical trials.
In a recent biomarker phase 2 trial, Do et al. [54] reported the results of combined inhibition with selumetinib and MK-2206, an allosteric inhibitor of the three human isoforms of AKT. Of the 21 patients with advanced CRC enrolled, none reported an objective response regardless of KRAS mutational status. The desired level of target inhibition of pERK and pAKT levels in paired tumor biopsies was not achieved. Common toxicities were gastrointestinal, hepatic, dermatologic, and hematologic. These toxicities hindered the possibility of dose escalation to achieve levels needed for clinical activity [54] . Based on these results, the authors did not recommend the further evaluation of this combination until appropriate dosing is established in these tumors. One phase I clinical trial in advanced solid tumors targeting both AKT and MEK with GDC-0068 and GDC-0973 " Table 1 " is underway and which will aim to evaluate the safety and tolerability of this combination. Until those results are available, current evidence does not support the use of this combination in metastatic CRC patients. 
Conclusions
Currently, no targeted KRAS inhibitors exist for KRAS mutated CRC patients. Thus, MEK inhibitors have been studied in this patient population and to a lesser extent in patients harboring BRAF mutated tumors. Regardless of initial response to MEK inhibition, tumors eminently become resistant as a result of various alternative signaling pathways that induce cell proliferation and survival. Thus multiple pathway inhibition has become the focus of treatment to overcome this resistance seen with MEK inhibition " Figure 1" .
Preclinical data thus far support dual targeted inhibition of MEK and one or more of the PI3K pathway effectors in metastatic CRC, which was superior to single agent alone. Many clinical trials are underway to evaluate multiple combinations of these pathway inhibitors in solid tumors. But until the results of these are available and the safety and tolerability levels of these targeted inhibitors are established, KRAS and BRAF mutated CRCs remain to have limited treatment options. Preclinical data also suggest that combined MEK and PI3K inhibition is more effective than MEK and PI3K/mTOR inhibition, which needs to be further evaluated. Co-targeted inhibition of IGF-1R and MEK has also shown potential in a recent phase I trial and will require further clinical evaluation in the future. Preclinical data have also identified the Wnt pathway as being activated in KRAS and BRAF mutated tumors treated with MEK inhibitors. The combination of a Wnt pathway inhibitor such as cyclosporine and a MEK1/2 inhibitor needs to be clinically evaluated. Future clinical trials with appropriate molecular stratification and biomarker development have the potential to improve outcomes for patients suffering from advanced colorectal cancer for whom current palliative treatment options are limited.
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